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Abstract 
An actual wastewater from a western king prawn (Penaeus latisulcatus) culturing tanks located in Zhoushan (Eastern 
coast of China) was investigated through electrochemical process. Under an electrical field, ammonia and nitrite were 
indirectly oxidized by electro-generating HOCl, whereas organic compounds were directly oxidized at the anode 
surface. To achieve simultaneous removal of total ammonia nitrogen (TAN), nitrite (NO2-N) and Chemical oxygen 
demand (COD), the current density had to be controlled over 23.4 A/m2. Concurrently, finely suspended particles 
(SS) were effectively separated from wastewater by electroflotation, while the current density was below 25 A/m2. 
The retention time had insignificant effect on TAN, NO2-N and SS removal. However, the removal efficiency of 
COD was highly related with the retention time. Experimental results indicated the optimum operating conditions: 25 
A/m2 of current density, and 40 minutes of retention time. Under these conditions, the energy consumption was 1.75 
kWh/m3 wastewater.  
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Introduction 
Recirculating aquaculture systems (RAS) represent a new and unique way to farm fish, rearing fish at high 
densities, in indoor tanks with a controlled environment. RAS requires significantly less amount of land 
and water resources than the conventional method. However, an increase in fish density in a limited 
aquatic space would lead to a more rapid degradation of the water quality. Hence, it is becoming 
increasingly crucial that the effluent from fish tanks should be properly treated and the water is recycled 
back to the rearing tanks, maintaining high water quality needed for large-scale fish production [1].  
A major difficulty of high density aquaculture system stems from a rapid contaminants accumulation 
in the water, caused primarily by the fish excretion and decomposition of uneaten feed. These 
contaminants include total ammonia nitrogen (TAN), nitrite (NO2-N), suspended solids (SS), and organic 
matters. All of them are harmful to marine fishes and the tolerable concentration levels of those 
contaminants for an marine aquaculture system are quite low, usually TAN < 0.5 mg/L, NO2-N < 0.5 
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mg/L, SS < 5 mg/L and Chemical oxygen demand (COD) < 10 mg/L [2]. External water treatment units 
are therefore necessary if the water quality is to be sufficiently maintained for a normal RAS. Treatment 
methods included biofiltration, membrane bioreactors, sedimentation, flocculation, foam fractionation, 
ozone oxidation, and UV. Although these methods have been proven to be capable of removing those 
contaminants present in effluent from marine aquaculture system, they also have several limitations, such 
as, high cost of operation and instrumentation, complex operation and the frequent use of reagents [3]. 
Recently, electrochemical technique has been considered as a promising alternative for the treatment 
of wastewater from marine aquaculture system. Firstly, the electrochemical treatment of seawater presents 
several advantages, as high salinity ensures an excellent electric conductivity that could reduce the energy 
consumption and the high chloride concentration improves the indirect oxidation through the 
electro-generation of strong oxidants like hypochlorous acid [4]. Secondly, the oxidants are 
electrolytically generated at the anode side, thus the generation can be easily controlled by the electrolysis 
operating conditions. Finally, the hydrogen gas produced at the cathode could float a large amount of SS, 
acting as particles separation [5]. Several researchers have studied the electrochemical treatment for 
synthetic freshwater, prepared seawater or raw wastewater collected from fish farms [4,6,7]. 
This work is focused on the feasibility of the application of electrochemical treatment for an actual 
effluent from marine RAS. The major objectives are to demonstrate the high efficiency of TAN, nitrite, 
COD and SS removal, and to determine the optimum operational conditions. 
Experimental Section 
The actual wastewater from a western king prawn (Penaeus latisulcatus) culturing tanks located in 
Zhoushan (Eastern coast of China) was used as samples in this work. A previous characterization of RAS 
was installed for this shrimp farming. The initial physicochemical characteristics of the actual wastewater 
used in all experiments are shown in Table 1. Similar characterization was found in the literature about 
water collected from a high density shrimp culturing system [7].  
Table 1 Initial physicochemical characteristics of the actual wastewater studied
Parameter Average value 
pH 7.45 
Conductivity  [mS/cm] 50.2 
Salinity  [ă] 31.5 
COD  [mg/L] 36.5 
TAN  [mg/L] 2.83 
Nitrite  [mg/L] 2.98 
Nitrate  [mg/L] 36.5 
DO  [mg/L] 3.25 
SS  [mg/L] 46.2 
Chloride  [mg/L] 25,816 
The experimental set-up is schematically shown in Fig. 1. The electrochemical unit consists of an 
electrochemical reactor and a sludge separator. The volumes of the reactor and sludge separator are 0.6 
and 1.2 L, respectively. There are four electrodes connected in a dipolar mode in the electrochemical 
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reactor, each with a dimension of 100 mm ×50 mm ×5 mm. The effective area of each electrode is 50 cm2
and the net spacing between electrodes is 2 mm. These electrodes include two Ti/IrO2-SnO2-Sb2O5 anodes 
and two titanium plate cathodes. The detailed preparation procedures of Ti/IrO2-SnO2-Sb2O5 anode can be 
found elsewhere [5]. A stirrer was employed in the feed tank to maintain an unchanged composition of the 
feeding wastewater. A diaphragm-type metering pump (Chem-Tech series 100, Pulsafeeder Co., USA) 
was used to deliver wastewater upwards through the electrochemical reactor and downwards in the 
separator. It was designed to achieve easy separation of particles from the wastewater. A DC power 
supply (MPS-3002L-3, Matrix, Shenzhen, China) was applied to maintain a constant current during 
electrochemical treatment. The range of the applied current density, J, was between 10 and 50 A/m2.
The pH was measured using a pH meter (230A+, Orion, USA), and the conductivity and the salinity 
were measured with a conductivity meter (HI 8733, Hanna, Italy). Chemical oxygen demand was 
measured using COD reactor and direct reading spectrophotometer (DR/2700, HACH, USA). The 
concentration of TAN, nitrite, nitrate, chloride and SS in solution were determined according to Standard 
Methods [8].  
Results and Discussion 
Effect of current density. Fig. 2 shows the effect of the applied current density on TAN and NO2-N 
removal under a flowrate of 0.9 L/h. It was found that the removal efficiencies of TAN and NO2-N 
increased rapidly with current density, and reached steady levels after 25 A/m2. Obviously, current density 
could affect both TAN and NO2-N removal significantly. At a current density of 10 A/m
2, the removal 
efficiencies were 49% for TAN and 69% for NO2-N. As the current density increased to 25 A/m
2, the 
removal efficiencies increased rapidly to 91% for TAN and 92% for NO2-N. This indicates that TAN and 
NO2-N concentration in the effluent were 0.25 mg/L, and 0.24 mg/L respectively. In this case, TAN and 
NO2-N concentrations in the effluent from the electrochemical unit have already met water quality 
standard of most marine aquaculture systems. As the current increased further, the removal efficiencies 
approached a plateau of 93% for TAN, and 94% for NO2-N. Actually, either TAN or NO2-N removal can 
be attributed to an indirect oxidation at the anode. In an electrical field, chloride ions in wastewater are 
oxidized to chlorine at the anode and then hydrolyzed to hypochlorous acid, which can oxidize ammonia 
to nitrogen, and nitrite to nitrate[9,10]. The overall reactions are shown as bellow.  
Fig. 2 Effect of the applied current density on TAN 
and NO2-N removal under a flowrate of 0.9 L/h.
Fig.1 Experimental set-up. 1-magnetic stirrer; 2-feed 
tank; 3-pump; 4-electrochemical reactor; 5-separator; 
6-voltage meter; 7-DC power supply.
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22Cl Cl 2e
 o  .                                               ( 1 )
2 2Cl H O HOCl H Cl
  o   .                                     ( 2 ) 
3 2 2HOCl (2 3)NH (1 3)N H O H Cl
  o    .                             (3) 
4 2 2HOCl (2 3)NH (1 3)N H O (5 3)H Cl
   o    .                         (4) 
_ _
2 3HOCl NO NO H Cl
  o   .                                      (5) 
Although mechanisms of TAN and NO2-N removal are generally believed as indirect oxidation by 
electro-generating HOCl, there are essential differences in kinetics of them. For TAN removal, a second 
order has been proposed, whereas a zero order is described for NO2-N removal in literature [4,10,11]. 
This explains the different increasing rates in removal efficiencies of TAN and NO2-N with the increase 
of current density. 
The effect of current density on COD and SS removal is shown in Fig. 3. It can be seen from the 
figure that a sharp increase in the removal efficiency of COD occurred initially. After the current density 
was increased to > 25 A/m2, the COD removal efficiency reached a plateau of 79%, i.e. about 7.8 mg 
COD/L in the effluent. The poor removal efficiency of COD under low current density is attributed to a 
competition between the removal of COD and the removal of ammonia. If ammonia and COD have to be 
eliminated simultaneously, the rule of competition is that the removal of ammonia is favored when 
indirect oxidation is dominant, whereas the removal of COD takes priority under direct oxidation [10]. 
Moreover, in order to achieve direct oxidation of organic compounds, current densities higher than the 
Jlim,COD have to be applied, being Jlim,COD, defined as the current density value that null accumulation of 
oxidizable substances at the surface of the anode [12]. In this work, the value of Jlim,COD is 23.4 A/m
2. On 
the other hand, Fig. 3 shows that current densities had different influence on SS from COD. As the current 
density increased from 10 to 25 A/m2, the SS removal efficiencies kept constantly over 91%, implying SS 
concentration below 4 mg /L in the effluent. Thereafter, the removal efficiencies of SS underwent a stable 
decrease, reaching 75% at 50 A/m2. Theoretically, the separation of colloidal and finely suspended 
particles from wastewater is based on the mechanism of electroflotation in electrochemical process. 
Actually, suspended particles in wastewater can contact with bubbles generated at the cathode and the 
anode, and float to the water surface. Besides Eq. 1, bubbles are also produced through the following 
reactions: 
At the anode: 2 2H O (1 2)O 2H 2e
o   .                                   (6) 
At the cathode: 2 22H O 2e H 2OH
 o  .                                   (7) 
It should be noted that the applied current density determines the amount of gas produced in 
electrochemical process directly. With the increase in current density in this work, more bubbles were 
produced, and tended to merge with each other rapidly. This decreases the chance of effective contact 
between bubble and particles [13]. As a result, the SS separation efficiency was reduced while current 
density increased upon 25 A/m2.
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Fig.4 displays the dependence of DO in the effluent on current density. It was found that DO in the 
effluent maintained close to its initial level, i.e. 3.3 mg/L, as current densities was below 20 A/m2.
However, an abrupt increase of DO in the effluent occurred while current density increased to 25 A/m2.
After that, DO in the effluent maintained at a steady value of 7.5 mg/L. This was simply attributed to the 
fact that water electrolysis occurred at the anode, and the generated oxygen gas transferred into liquid 
phase to enhance DO to a saturated level, when the current density was over 25 A/m2. In contrast, the low 
DO concentration in the effluent with current density below 25 A/m2 was due to the fact that chloride ions 
oxidation was prior at the anode.  
Effect of retention time. Fig. 5 displays the effect of retention time on TAN and NO2-N removal under a 
current density of 25 A/m2. It was found that both the removal efficiencies of TAN and NO2-N kept 
constantly as the wastewater retention times varied from 10 to 90 minutes, revealing that retention time 
affects TAN and NO2-N removal insignificantly. This was simply attributed to the indirect oxidation of 
TAN and NO2-N by chlorine electro-generated at the anode surface. According to Eq.1-5, it can be 
deduced that the oxidation of TAN and NO2-N occurs not only at the anode surface but also in liquid 
phase.  
Fig. 6 illustrates the effect of retention time on COD and SS removal under a current density of 25 
Fig.5 Effect of the retention time on TAN and NO2-N 
removal under an applied current density of 25 A/m2.
Fig.6 Effect of the retention time on COD and SS 
removal under an applied current density of 25 A/m2.
Fig.4 Dependence of DO in effluent at the different 
applied current densities under a flowrate of 0.9 L/h.. 
Fig.3 Effect of the applied current density on COD and 
SS removal under a flowrate of 0.9 L/h. 
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A/m2. Similarly, wastewater retention time had no significant effect on the removal efficiency of SS. 
However, it should be noted that the removal efficiency of COD was highly dependent on retention time. 
The removal efficiency of COD increased linearly with the retention time up to 40 minutes. After that, the 
removal efficiency leveled off immediately. This was associated with the direct oxidation of organic 
compounds, which took place mostly at the anode surface [10,12]. Consequently, the removal efficiency 
of COD was determined by the area and duration of the anode/solution contact. In the present work, more 
retention time implied longer contact between the anode and the wastewater, contributing to higher COD 
removal efficiencies. Thus, wastewater flowrate should be controlled below 0.9 L/h, i.e. 40 minutes of 
retention time, to ensure high treatment efficiency. 
Energy consumption. The total energy consumption during electrochemical process can be calculated 
according to 
1000
UJAt
E
V
 .                                                      (8)
where E is the energy consumption, kWh/m3 wastewater; U is the electrolysis voltage between the anode 
and the cathode, V; J is the current density, A/m2; A is total effective area of the electrodes, m2; t is the 
retention time, h; V is the volumes of the electrochemical reactor, m3. According to Eq. 8, energy 
consumption is related to current density and retention time. The larger the applied current density, and 
the longer the retention time, the higher the energy consumption. In order to minimizing energy 
consumption and maximizing contaminants removal efficiency, the optimum operating conditions were 
selected as J =25 A/m2, t =2/3 h. Under these conditions, the measured electrolysis voltage between 
electrodes was 4.2 V. Therefore, E was calculated to be 1.75 kWh/m3 wastewater.  
Summary 
Electrochemical process has been successfully used for the treatment of actual wastewater from marine 
RAS. Under an electrical field, TAN and NO2-N were indirectly oxidized by electro-generating HOCl, 
whereas organic compounds were directly oxidized at the anode surface. To achieve simultaneous 
removal of TAN, NO2-N and COD, the current density had to be controlled over 23.4 A/m
2. Concurrently, 
finely suspended particles were separated from wastewater through electroflotation. Furthermore, SS 
separation efficiency was reduced while current density increased upon 25 A/m2. The retention time had 
insignificant effect on TAN, NO2-N and SS removal. However, the removal efficiency of COD was 
highly related with retention time. Experimental results indicated the optimum operating conditions: 25 
A/m2 of current density, and 40 minutes of retention time. Under these conditions, the energy 
consumption was 1.75 kWh/m3 wastewater.  
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